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(54) Title: DETERMINATION OF A MUTATIONAL SPECTRUM 



(57) Abstract 

A method of resolving (physically separating) mutant DNA from 
nonmutant DNA and a method of defining or establishing a mutational 
spectrum or profile of alterations present in nucleic acid sequences from a 
sample to be analyzed, such as a. tissue or body fluid. The present method 
is based on the fact that it is possible, through the use of DGGE, to sepa- 
rate nucleic acid sequences which differ by only a single base change and 
on the ability to detect the separate mutant molecules. The present inven- 
tion, in another aspect, relates to a method for determining a mutational 
spectrum in a DNA sequence of interest present in a population of cells. 
The method of the present invention is useful as a diagnostic or analytical 
tool in forensic science in assessing environmental and/or occupational 
exposures to potentially genetically toxic materials (also referred to as pot- 
ential mutagens); in biotechnology, particularly in the study of the rela- 
tionship between the amino acid sequence of enzymes and other biologi- 
cally-active proteins or protein-containing substances and their respective 
functions; and in determining the effects of drugs, cosmetics and other 
chemicals for which toxicity data must be obtained. 
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Background of the Invention 

Several methods are currently available which 
can be used to study point mutations in a DNA 
molecule. For example, it is possible to isolate a 
variant cell recognized by a DNA sequence of 
interest, such as one thought to contain a mutation, 
and then sequence the cloned product, using known 
techniques. Alternatively, DNA to be analyzed, such 
as tumor DNA, can be cloned, amplified and 
sequenced, also using known techniques. Although it 
is possible, using presently-available method, to 
study individual DNA mutations and to determine a 
mutational spectrum or profile or alterations in a 
selected DNA sequence, to do so is time-consuming 
and tedious. This is due at least in part to the 
fact that a large number of mutants, each of which 
must be isolated one at a time, must be analyzed in 
order to get a statistically reproducible spectrum. 
For example, it is reasonable to assume that 
approximately 10 mutants per base pair (bp) of DNA 
sequence is necessary to give a statistically 
reproducible result. Thus, in the case in which the 
mutational spectrum of a 100 bp DNA sequence is to 
be determined, approximately 1000 mutants must be 



assessed . Using presently- available methods , each 
assessment requires considerable time (e.g., 1 day 
per mutant analyzed) and, thus, carrying out the 
1000 assessments needed for a 100 bp DNA sequence is 
work- intensive . 

In addition, presently - available methods are 
limited to cases in which a particular mutation is 
present in the germ cell of an individual or other 
cases in which the frequency of a particular 
mutation is relatively high (e.g., exceeding 0.1%). 
A method whjich would facilitate the detection of 
point mutations occurring at much lower frequencies , 
such as occur in nature, would be extremely 
valuable , particularly in s ituations such as those 
in which exposure to a toxic substance results in a 
useful diagnostic set of alterations or single base 
changes in genetic material. 

gum ma r y of the I n y en t i on 

The present invention pertains to a method of 
resolving (i . e . , physically separating) mutant DNA 
of known sequence from nonmutant DNA and of 
determining or establishing a mutational spectrum, 
which is a profile or pattern of alterations present 
in DNA from a selected source, such as cells from a 
selected organ or a blood sample. In particular, 
the present method is useful for separating and 
identifying selected mutant DNA sequences from a 
complex mixed DNA population which contains the 
selected or target mutant DNA sequence(s), mutant 
DNA sequences other than the selected mutant DNA 
sequences and non -mutant DNA sequences . The method 



(i.e., is able to resolve mutants present at a much 
lower frequency) than previously-available methods. 
Using the method of the present invention, 100 
mutant nucleotide sequences among 100,000,000 
nonmutant nucleotide sequences have been resolved 
and, based on subsequent observations in human cell 
experiments, it appears to have a resolving power of 
at least 100 times greater (i.e., 100 mutant DNA 
sequences in 10,000,000,000 nonmutant DNA 
sequences). The subject method makes it possible to 
resolve DNA in those contexts in which the 
mutational frequency is approximately 1 to lxlO" 8 
and approximately 100 copies of selected mutant DNA 
sequence, referred to as a target DNA sequence, 
occur in the sample being analyzed. 

As a result, it is possible to resolve mutant 
DNA sequences and establish mutational spectra in a 
cell population drawn directly from human or other 
animal tissue. In the method of the present 
invention, mutant DNA sequences are those which 
differ by one or more nucleotides from the 
corresponding naturally- occurring, unaltered DNA 
sequence. These differences include nucleotide 
modifications, deletions, substitutions or 
insertions. The present invention further pertains 
to a method of identifying one or more mutations 
(i.e., alterations or changes from the corresponding 
naturally- occurring) which confer a selective 
advantage or disadvantage on cells in which the 
mutations(s) is present. 

DNA to be analyzed is isolated from cells in 
which it occurs, is processed, if needed, in such a 



etidonucleases or other agent capable of cutting the 
DNA in a sequence - spec if ic manner and cut with one 
or more appropriately- selected restriction 
endonucleases or other sequence - specif ic agent to 
produce DNA fragments. Optionally, the resulting 
mixture of fragments of varying sizes can be 
separated or fractionated on the basis of molecular 
weight, using known techniques, and fragments of 
appropriate predetermined size are selected. The 
resulting digestion products or fragments are boiled 
and cooled under controlled conditions to allow 
nonmutant molecules and mutant molecules to form 
heteroduplexes. The mixture of fragments (or the 
fragments selected on the basis of size if the 
optional separation step is carried out) is 
separated into heteroduplexes and homoduplexes by 
means of d&naturing gradient gel electrophoresis, 
(DGGE) , which results in an initial separation of 
most (e.g., 99% or more) of the nonmutant (wild type 
or normal) DNA in the total DNA from the mutant 
DNA). The heteroduplexes obtained, which include 
mutant - containing and nonmutant complexes, are used 
for further assessment according to the present 
method and determination of the mutational spectrum. 
The profile or pattern of mutations in 
heteroduplexes which are mutant - containing can be 
established by making the mutations "visible" 
(detectable) by means of high fidelity, DNA 
amplification followed by a second separation of 
heteroduplexes from homoduplexes using DGGE and 
sequence determination; use of appropriately-labeled 
nrobes (e.g., f luorophore - labeled or is o top ical ly - 



labeled wild type DNA) and a detection means capable 

of detecting and recording the label used; or other 

known techniques , 

In another aspect, the present invention is a 

method of defining or establishing a mutational 

spectrum in a DNA sequence of interest present in a 

population of cells . A mutation to be detected can 

- 8 

occur with a frequency as low as 1x10 , given that 
at least 10 10 copies of the DNA sequence of interest 
(i.e., a DNA sequence which includes the mutation(s) 
to be detected, if such mutation(s) are present). 
This means that it is possible to observe mutational 
spectra in a cell population obtained directly from 
human or other animal tissue or body fluids . In 
defining the mutational spectrum, DNA from the cells 
of interest is processed, mutations present in the 
DNA sequence of interest are identified and 
characterized, as described above, and the charac- 
teristics of the sample DNA (suspected of containing 
one or more alterations or differences from the 
naturally- occurring sequence) are compared with 
those of wild-type or unaltered DNA. The resulting 
pattern* of differences in sequence (pattern of 
mutations), which may include one or many dif- 
ferences, is the mutational spectrum. After 
sufficient analysis and verification in a sufficient 
number of samples from the same individual, a 
particular pattern of mutations can be shown to be 
indicative of such an exposure and used as an 
analytical or diagnostic tool. As part of this 
process, normal DNA from an individual whose DNA 
(e.g., from a specific affected tissue or organ or 
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serve as a standard against which the sequence of 
DNA from the abnormal or affected s ite can be 
compared in determining whether mutations exist and 
establishing a mutational spectrum . 

The method of the present invention can be used 
to identify one or more mutations which confer a 
selective advantage or disadvantage upon cells in 
which the mutations are present. 

The method of the present invention makes it 
possible to detect mutations in DNA which occur at 
frequencies which cannot easily be detected using 
presently- available techniques. The method is, 
therefore, particularly useful in those contexts in 
which minor, changes or differences in nucleotide 
sequence, such as a point mutation or limited number 
of altered nucleotides, are associated with or the 
cause of a particular event, such as exposure to a 
material known or thought to be toxic or the oc- 
currence of a particular disease. The present 
method can be used as a diagnostic tool in assessing 
results of occupational or environmental exposures 
to genetically toxic or harmful materials, as a 
diagnostic tool in a forensic context, as a means of 
carrying out pharmaceutical testing and as a tool in 
biotechnology for determining the relationship 
between amino acid sequence and function of 
pr o te inac eous materials, such as enzymes. 

Brief Description of the Drawings 

Figure 1 is a schematic representation of the 
method of the present invention. 



Figure 2 is a diagram showing (A) the melting 



and (B) the positions of primers (P) used to amplify 
the exon 3 sequence. 

D e t a i 1 e d D e s crigtion^of^the^Invention 

The present invention pertains to a method of 
resolving mutant nucleic acid sequences from 
nonmutant nucleic acid sequences and to a method of 
defining or establishing a mutational spectrum or 
profile of alterations present in nucleic acid 
sequences from a sample to be analyzed, such as a 
tissue or body fluid. The present method is based 
on the fact that it is possible, through the use of 
DGGE, to separate nucleic acid sequences which 
differ by only a single base change and on the 
ability to detect the separate mutant molecules 
either by increasing the number of copies by DNA 
amplification or by means, such as a fluorescent 
marker and laser excitation and fluorescence 
detector, sufficiently sensitive to detect mutations 
which occur at a low frequency. 

Briefly, the present method includes the 
following steps, which are represented schematically 
in Figure 1. DNA to be analyzed for the presence of 
a mutant sequence or mutant sequences (DNA of 
interest) is obtained, using known techniques, from 
a tissue, body fluid or other sample (e.g., 
bacterium, virus, other microorganism). The number 
of cells needed for analysis is dependent on the 
particular application (particular mutation(s) to be 
detected) and the numbers of copies of the DNA 
sequence of interest (i.e., the DNA sequence to be 
analyzed for the presence or absence of mutation(s) 
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have at least 10 mutants present in the DNA 
sequences for each base pair in the DNA sequence of 
interest. In this way, it is possible to establish 
a sufficiently precise mutational spectrum, in which 
the frequency of a mutation which occurs as 1% of 
the total mutants present would be estimated with a 
standard deviation of approximately 15%. 

DNA to be analyzed can be that obtained from 
any type of cell in which DNA is the genetic code 
and can be of nuclear or non-nuclear origin (e.g., 
from mitochondria, chloroplas ts ) . As used herein 
and particularly with reference to Figure 1, the 
term genomic DNA refers to any DNA constituting the 
hereditary material in a cell and includes all DNA 
in a cell, including that in organelles. For 
assessment of mutations in humans and other mammals, 
mitochondrial genes are the preferred DNA source 
because of the high copy number in each cell, which 
means that the tissue sample size required is 
smaller and DNA isolation is less difficult than 
would be the case if another DNA source were used. 

DNA to be analyzed is fragmented or digested, 
generally by cutting with a selected restriction 
endonuclease(s) or other agent which can 
recognizably cut DNA, such as a sequence - spec if ic 
chemical agent. The resulting digestion product 
includes fragments of varying length, only some of 
which include the DNA sequence in which the 
mutation(s) of interest, if present, occur. The 
fragmented DNA can, optionally, be separated 
initially on the basis of molecular weight to remove 
.fragments of inappropriate size. For example, the 



agarose or acrylamide gel along with known molecular 
weight standards. The portion of the gel containing 
the DNA sequence of interest (and any other 
fragments of comparable molecular weight) can then 
be excised from the gel by, for example, being cut 
out. The DNA contained within the excised gel 
portion can then be purified from the gel material, 
for example, by electro - elution into dialysis tubing 
followed by ethanol precipitation. 

The desired DNA fragments, or DNA fragments of 
interest, are selected on the basis of known DNA 
sequence, as well as suitability for recognition of 
mutants in denaturing gradient electr ophore t ic gels 
and for amplification under conditions of high 
fidelity, copy number and the occurrence of 
polymorphisms. For example, suitability for 
recognition in denaturing gradient elec trophor e t ic 
gels is assessed by determining that a low melting 
domain approximately 100 to 1000 base pairs (bp) in 
size is in close proximity to (generally, contiguous 
to) a higher melting domain approximately 50 bp or 
more in size in such a manner tht when the low 
melting domain of the fragment in which they occur 
melts on a gradient denaturing gel, the fragment has 
characteristically reduced mobility in the 
polyacrylamide e lec trophor e tic gel. The 
characteristically reduced mobility is used to 
identify fragments containing mutant DNA. * 
Preferably, there are also appropriately located 
restriction enzyme sites or other DNA sequences 
suitable for cleaving the mutation- containing 
segment (target DNA) from the isolated DNA fragment 
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As to the other criteria on which DNA fragments 
of interest are selected: the fragments must be 
suitable for high fidelity amplification because 
they are screened iteratively; the copy number must 
be sufficiently high (e.g., in genetic toxicity 
applications, the number of DNA sequences of 
interest are present at many more than 100 copies 
per cell); and there should be few or no genetic 
polymorphisms in the DNA of interest, since some 
inherited variation in multi copy sequences may 
interfere with assessment of the mutational 
spectrum. 

The digestion product, which can be the entire 
mixture produced as a result of the enzymatic or 
chemical fragmentation of genomic DNA or a portion 
of the mixture selected to contain fragments of the 
correct size (i.e., obtained via the optional 
separation step), is subsequently processed to 
maximize formation of heteroduplex molecules . In 
general, this will be carried out by boiling the 
digestion product and allowing it to cool under 
controlled conditions, resulting in denaturation 
(separation into two strands) of the double stranded 
DNA and reannealing of strands to form duplexes. 
Nonmutant DNA forms complexes with mutant DNA, 
which, as a result, is uniformly present in a 
heteroduplex. in most contexts in which the present 
method is used, wild type DNA (non mutant DNA) is 
present in excess and heating and cooling of the 
digestion product can be carried out without the 
need for additional wild type sequences . In those 
instances in which this is not the case (e.s. 
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type homoduplexes prior to boiling and reannealing 
may be necessary to ensure that a molar excess 
(>10X) of wild type sequences is present and, thus, 
reduce formation of mutant : mutant duplexes. 

Mutant - containing heteroduplex molecules are 
then separated from wild-type homoduplex molecules 
by denaturing gradient gel electrophoresis or other 
process by which doub le - s t randed DNA fragments can 
be separated on the basis of a small difference in 
sequence. As the molecules migrate into the de- 
naturing gradient, the heteroduplex molecules, which 
contain at least one mismatched base pair, melt at a 
lower denaturant concentration than that at which 
the wild-type homoduplex molecules melt. By the 
time the wild- type homoduplex melts, there is a 
significant physical separation between it and the 
two mutant heteroduplex pairs, which have reasonably 
unique (identifiable) positions on the gel. 
(Because of the presence in double - s tranded DNA of a 
Watson and a Crick strand, two he ter oduplexes , which 
can differ in the distance they move in the gel, are 
formed for each mutant.) 

Following separation, the portion of the gel 
containing the wild-type homoduplex fragments is 
excised and discarded. The heteroduplex molecules 
present in the remaining gel material can be 
visualized (i.e., their characteristics, such as 
size and nucleic acid sequence, can be assessed) by 
one of two procedures, which are described below. 

In one embodiment of the present method as 
represented in Figure 1, Steps 7-9, the DNA present 
in the selected he teroduplexes is amplified and 
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heteroduplexes is amplified using a high fidelity 
DNA amplification method such as that described in 
co-pending U. S. patent application Serial No. 
07/065,257, the teachings of which are incorporated 
herein by reference. The high fidelity 
amplification product is boiled and cooled, to 
promote or maximize formation of he teroduplexes 
which contain mutant : nonmutant DNA sequences. 
In general, wild type (normal) DNA is present in 
sufficient quantities; in those cases in which wild 
type DNA is not in excess, it is added before 
boiling and cooling are carried out. In either 
case, this results in production of a greater number 
of mutant - containing heteroduplexes , which are a 
mixture of heteroduplexes (selected or target mutant 
DNA sequences and other mutant DNA sequences). The 
heteroduplexes are subjected to DGGE or other 
procedure capable of separating DNA fragments on the 
basis of a small difference in nucleic acid 
sequence. This results in separation among mutants, 
which are then individually visualized using known 
techniques, such as use of an isotopically labeled 
probe and autoradiography. 

The oligonucleotide primers used in the 
amplification procedure (e.g., Steps 7 and 9) can be 
chemically synthesized. To facilitate the 
identification of mutant - containing heteroduplex 
bands in subsequent denaturing gradient gels, the 
oligonucleotide primers can be labelled with a 
reporter group (e.g., Step 7), such as a radioactive 
material, using well known techniques. Such 
reporter eiouds are well known to those skilled in 
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The primer is added to the purified DNA mix- 
ture, enriched in mutant heteroduplex molecules, in 
a sufficient molar excess to prime DNA synthesis 
efficiently. The mixture is heated to denature the 
mutant he teroduplexes and allowed to cool slowly. 

Any of a variety of DNA polymerases can be used 
in the amplification protocol. These include T4 DNA 
polymerase (Keohavong et_al., DNA , 7:63-70 (1988)); 
modified and unmodified T7 DNA polymerase (Keohavong 
±£_al^, Gene, 71:211-216 (1988)); the Klenow 
fragment of DNA polymerase I (Saiki et_aL , Science, 
230:1350-1354 (1988); Mullis at al.. Methods 
Enzymol^, 155:^335-350 (1987)); and Taq DNA 
polymerase (Saiki e t_al^ , Science, 239:487-491 
(1988)). Following amplification, amplified 
sequences in the amplification mixture include 
mutant homoduplex molecules, and wild type 
homoduplex molecules. The mixture is then heated 
and cooled under conditions appropriate for hetero- 
duplex formation. As a result of the excess of 
wild-type hydrogen bonding partners, essentially all 
mutant-containing strands anneal with a wild-type 
strand to form heteroduplex molecules. 

When this mixture is run on a denaturing 
gradient gel, a series of bands results. Homoduplex 
molecules migrate further in the gel and achieve 
greater penetration into the denaturing gradient 
than the bands which represent the heteroduplex 
molecules. For each individual mutation within the 
DNA sequence of interest, two labelled heteroduplex 
bands occur on the autoradiograph . 
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The reason for this is that each strand of mutant 
homoduplex, following denaturation and annealing, 
forms a unique heteroduplex molecular species. 
Each of the two heteroduplex species melts at a 
05 characteristic temperature and the two species are 
resolvable by DGGE ; each is a band with a 
characteristic location on the gel. 

Individual band(s) containing the mutant DNA 
is/are recovered (e.g., by isolating radioactive 
10 bands by cutting, electroelut ing DNA from each slice 
and recovering the DNA from each by ethanol 
precipitation) . 

In an alternative embodiment of the present 
method, also represented in Figure 1, DNA in 
15 mutant - containing he teroduplexes is visualized 
without the need for amplification. In this 
embodiment, a reporter or marker molecule and a 
device sufficiently sensitive to detect mutants 
present at the unamplified levels (e.g. , at 
20 approximately 1 mutant nucleotide sequence in 

100,000,000 nonmutant nucleotide sequences) are 
used. Fot example, a fluorescent molecule can be 
used to label the heteroduplex molecules (e.g., by 
combining denatured or single stranded mutant DNA 
25 with an excess of normal or wild type DNA bearing a 
fluorescent label, under conditions appropriate for 
■formation of he teroduplexes ) . A scanning separation 
device in which the emitted light of the fluorophore 
is made specific by appropriate filters can then be 
30 used to detect the fluorescently- labeled 

mutant - containing he teroduplexes . Alternatively , i t 
a ~ T, rte . e i^i a n eA mother charee couole device or 
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recording a small number of photons of specific wave 
number) . 

The mutant DNA to be resolved by the subject 
method can be obtained by known techniques from a 
wide variety of sample types, including a mixture of 
DNA produced by genetic engineering or recombinant 
DNA method; an animal tissue or body fluid sample; a 
water sample; or any other DNA - containing material. 

In the case in which alter at ion ( s ) in a 
specific gene or DNA region are to be resolved, DNA 
obtained from a sample to be analyzed is digested 
with one or more restriction endonucleases whose 
recognition sequences flank that gene or DNA region. 
These recognition sequences need not be located 
precisely at the boundaries of the gene or region. 

As described in detail in the Exemplification, 
the present method has been used to separate mutant 
sequences created during po lymeras e -media ted 
amplification of the human HPRT gene exon 3 sequence 
from the correctly amplified sequence. As 
described, exon 3 of the human HPRT gene was 
amplified using T4 DNA polymerase, modified and 
unmodified T7 DNA polymerases and Klenow fragment. 

Separation of polymer ase - induced mutant se- 
quences from correctly amplified sequences was 
maximized by analyzing the PCR products as hetero- 
' duplex mutant : wi Id - type sequences using DGGE . Each 

band isolated from denaturing gradient gels was 

2 3 

amplified (using PCR) an additional 10 to 10 -fold 
and separated by another DGGE. Results showed that 
the present method, in which HPRT exon 3 was ampli- 
fied using modified T7 DNA polymerase, can sue- 
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being amplified a first time and can detect a mutant 

fraction of 10" 4 after being amplified an additional 
2 

10 fold and separated by a second DGGE . 

The present invention , in another aspect , 
relates to a method for determining a mutational 
spectrum in a DNA sequence of interest present in a 
population of cells . The term "mutational spec- 
trum" , as used herein refers to the compilation of 
data regarding small alterations in nucleic acid 
sequence (e.g., point mutations) identified within 
the DNA sequence of interest . For example , assume 
that a DNA sequence of interest is 100 bp in length, 
and 4 point mutations are identified within that se- 
quence using the method of the subject invention. 
Assume further that no single molecule is identified 
as having more than one point mutation . The muta- 
tional spectrum of the 100 base pair region com- 
prises a compilation, or list, of the four mutations 
which includes the position of the mutation (e.g. 
nucleotides 1,9,47,63), as well as the specific 
nucleotide change found to occur at the particular 
position (e.g. A-*G ; C-A; T-A ; G-C, respectively). 

To determine a mutational spectrum, the steps 
described above for detecting resolution of a mutant 
DNA species from a no n- mutant DNA species are 
carried out. Following resolution by denaturing 
gradient gel electrophoresis, gel portions con- 
taining labelled heteroduplex bands are excised 
individually and DNA is purified from the gel 
material. To determine an individual mutation 
responsible for the heteroduplex structure, the DNA 
sequence of the region of interest is determined 
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determined by a number of methods, such as the well 
known dideoxy chain termination method. 

By comparing the sequence determined in this 
manner with the known wild-type (nonmutant) 
05 sequence, individual mutations can be characterized. 
The results of such analysis, when compiled, 
represent a determination of the mutational spectrum 
of the DNA sequence of interest. The nonmutant 
sequence to which the sequence of mutated DNA is 
compared can be that obtained by analysis of normal 
(nonmutant) DNA from the individual whose DNA is 
being assessed. That is, the individual can serve 
as his or her own reference or control. For 
example, the mutational spectrum of DNA in cells 
15 obtained from a tumor in the individual can be 

compared with nonmutant DNA from that individual. 
A ^ ternatively , the information obtained from DNA 
from an individual, suspected of containing one or 
more mutations, can be compared with an 
"established" mutational spectrum. Such an 
established spectrum is the pattern or profile, 
previously established by assessing a sufficient 
number of samples from individuals known to have 
been exposed to the same genetically toxic substance 
or event, of mutations known to be associated with 
the exposure or event for which the individual is 
being assessed. For example, in the case of an 
individual with a particular adverse effect (e.g., 
a liver tumor) thought to be caused by occupational 
exposure to a particular chemical, the results of 
analysis of the individual's DNA by the present 
method (i.e., the individual's mutational spectrum) 
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shown to be associated with the exposure of 
interest. Alternatively, if such an established 
mutational spectrum is not available, the 
individual's mutational spectrum can be compared 
with the mutational spectrum of normal cells of the 
same type from the individual , grown in the pres ence 
of the suspected mutagen and analyzed by the present 
method. 

The method of the present invention is useful 
as a diagnostic or analytical tool in forensic 
science in assessing environmental and/or 
occupational exposures to potentially genetically 
toxic materials (also referred to as potential 
mutagens); in biotechnology, particularly in the 
study of the relationship between the amino acid 
sequence of enzymes and other b io lo gical ly - ac t ive 
proteins or pro te in- containing substances and their 
respective functions; and in determining the effects 
of drugs, cosmetics and other chemicals for which 
toxicity data must be obtained. 

Uses of th e Pre sent Method 

The method of the subject invention can be 
utilized to determine a mutational spectrum for an 
individual who has been exposed to chemicals or 
other conditions suspected of being mutagenic . 
Such determinations provide information on specific 
effects of carcinogens. For example, if it is 
suspected that exposure to a genetically toxic 
material is the cause of a liver tumor in an 
individual, it is possible, using the present 
method, to identifv the mutation(s) ^resent in the 
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establish the mutational spectrum for that 
individual and to compare the spectrum with an 
appropriate reference to determine the relationship 
between the exposure and the resulting abnormality. 
It is necessary, in an instance such as this, to 
know the history of effects (typical effects) of the 
genetically toxic material(s) on liver cells (e.g., 
a pre-established mutational spectrum) or to grow 
normal liver cells from the individual in the 
presence of the material(s) and determine the 
resulting mutational spectrum. Comparison with 
either reference makes it possible to determine the 
extent of similarity between the reference and the 
spectrum of the abnormal liver cells from the 
15 individual. 

It is also possible to determine the mutational 
spectrum for T cells from an individual having a 
liver tumor suspected to have been caused by 
exposure to one or more genetically toxic materials, 
rather than analyzing liver cells. 

In either case, comparison of the spectrum 
determined for the individual with an appropriate 
reference will show whether the suspected toxic 
material did or did not cause a significant number 
25 of mutations. A lack of similarities between the 
two is a clear indication that the suspected 
material(s) were not causative agents. Consistent 
presence of a particular spectrum with consistent 
occurrence or causation of a particular abnormality 
30 ( e -g-, a liver tumor) provides the basis for 

concluding that the material is a causative agent. 
The extent to which DNA analysis must be carried out 
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well-established spectrum unique to cells exposed to 
a particular substance, analysis of the 
corresponding DNA fragment in an individual 
suspected of being exposed to that substance will 
provide valuable information on which to assess 
exposure and its effects. In those cases in which 
there is no well-established and/or characteristic 
spectrum , the me thod of the present invention is 
used to assess, for example , tumor cells and 
determine the mutational spectrum; to establish or 
determine the effects of the suspected toxic 
material on normal cells (e.g., by exposing and 
growing normal cells to the material and assessing 
the mutational spectrum) and; to compare the two to 
determine causation. 

The method of the present invention can be used 
as a diagnostic tool in forensic; environmental and 
occupational/occupational health contexts. For 
example, it can be used to establish the 
relationship, if any, between exposure to a 
potentially genetically toxic substance (e.g., in 
community drinking water or soil, in the workplace, 
in urban air) and the presence of an abnormality 
( e .g->. tumors, blood dysphagias, etc.) The present 
method is also useful in testing of chemicals, such 
as drugs, cosmetics, food additives and pesticides, 
before they are approved for use by consumers. For 
example , animals such as rats , mice and rabbits , can 



be exposed to a new product, such as a food 
additive, and their DNA analyzed, by the present 
method, for mutations. The present method can 
further be used in the area of biotechnology, such 
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acid sequence and function of enzymes and other 
biologically active proteins or protein-containing 
materials . 

Another useful aspect of the present invention 
pertains to the identification of mutations, present 
within a first mutational spectrum, which result in 
a selective advantage or disadvantage for cells in 
which the mutation is present. The identification 
of such mutations requires mutagenesis of a cell 
population, followed shortly thereafter by the 
determination of a first mutational spectrum. The 
cell population is then expanded by multiple 
generation growths, followed by a determination of a 
second mutational spectrum. By comparing the first 
mutational spectrum with the second mutational 
spectrum, individual mutations can be identified 
whose frequency has increased, or decreased, fol- 
lowing multiple generation growths. 

A requirement of this method for detecting 
mutations which confer a selective advantage or 
disadvantage on cells in which they occur, is that 
the cell population must be suitable for growth in 
culture. Examples of such cells include mammalian 
cells which can be grown in culture (e.g., HeLa. . .), 
other eukaryotic cells which can be maintained in 
culture (e.g., yeast...), and prokaryotic cells 
(e.g. , bacteria) . 

A variety of mutagens, well known to those 
skilled in the art, can be used to introduce muta- 
tions into DNA. Such mutagens can be introduced 
into culture medium in an effective amount and 
duration. Alternatively, purified DNA can be 
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of a suitable cell population. Methods for trans- 
formation of eukaryotic and prokaryotic cells are 
also well known to those skilled in the art. 

It is important that the cell population 
containing mutations be divided into two statis- 
tically identical pools, a first pool and a second 
pool. Shortly after treatment of a cell population 
with a mutagen, or transformation of a cell popu- 
lation with mutagenized DNA, a first mutational 
spectrum is determined using the method discussed 
above. DNA for the first mutational spectrum is 
isolated from the first pool of cells. The second 
pool of cells is expanded by multiple generation 
growths. During this period of clonal expansion, 
cells which contain a mutation conferring a selec- 
tive advantage will grow more quickly than cells not 
containing such a mutation. Consequently, after 
expansion by multiple generation growths , the 
percentage of this species of cell in the population 
of cells will increase. Such an increase will be 
reflected by a relative increase in the mutant 
heteroduplex band intensity of the second mutational 
spectrum autor adiograms , as compared to the mutant 
heteroduplex band intensity of the first mutational 
spectrum autor adiograms (assuming that other factors 
remain constant) . 

In the converse situation, mutations resulting 
in a selective disadvantage will be reflected by a 
relative decrease in the intensity of the mutant 
heteroduplex band in the autoradiogr am of the second 
mutational spectrum when compared to the autoradio- 
Eram of the first mutational spectrum (again, 
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In some cases, individual mutations may be 
lethal in a particular cell type. Such lethal 
mutations are detectable by the methods of the 
present invention provided that the mutations are 
detectable in the first mutational spectrum. 
Because the first mutational spectrum is determined 
shortly after mutagenesis, a lethal mutation 
generally will not have had sufficient time to exert 
its biological effect (i.e., cell death). Such 
mutations, therefore, will be represented in the 
first mutational spectrum. However, following 
expansion by multiple generation growths ( lethal 
mutations, if present, will result in cell death. 
In such a case, the au tor adio graphs of the second 
mutation spectrum will show no detectable band 
corresponding to the heteroduplex bands containing a 
lethal mutation present and detectable in the 
autor adiogr aphs of the first mutational spectrum. 

In another aspect, the present invention 
pertains to the identification of conditional 
mutations, present within a first mutational spec- 
trum, which result in a selective advantage or 
disadvantage for cells in which the mutation is 
present, under restrictive environmental conditions. 
The term "conditional mutation", as used herein, 
refers to a mutation which confers no selective 
advantage or disadvantage upon cells containing the 
mutation under certain environmental conditions 
(termed permissive conditions) but does confer such 
a selective advantage or disadvantage under certain 
other environmental conditions (termed restrictive 
conditions). This aspect of the invention is useful 
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f or identifying naturally occurring conditional 
mutations, or such mutations induced by treatment 
with mutagenic agents. 

To identify conditional mutations, a first 
mutational spectrum is determined. This first 
mutational spectrum is determined using DNA isolated 
from cells which have not been exposed to restric- 
tive conditions . Following the determination of the 
first mutational spectrum, the population of cells 
is exposed to restrictive growth conditions followed 
by multiple generation growths under such restric- 
tive conditions . 

A second mutational spectrum is then deter- 
mined. By comparing autoradiograms from the first 
and second mutational spectra, individual mutations 
can be identified whose frequency has increased 
(selectively advantageous mutants) , decreased 
(selectively disadvantageous mutants), or is un- 
detectable (lethal mutants) following multiple 
generation growths under res tr ic tive conditions . 

The ski lied artisan is familiar with growth 
parameters which can be altered to create restric- 
tive or permissive conditions. Such parameters 
include increased or decreased temperature, osrao- 
larity, or pH. Growth in deuterium- containing media 
is another parameter which can be adjusted. 

The methods of this invention are also useful 
for identifying functional domains within a protein 
of interest which are sensitive to mutational 
perturbation. The identification of such functional 
domains can lead to rational approaches to protein 
engineering;. Additionally, the methods are useful 
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example, promoter mutations which result in the 
termination of transcription of mRNA encoding an 
essential cellular protein, can be identified. 

The present invention will now be illustrated 
by the following Exemplification, which is not to be 
seen as limiting in any way. 

EXEMPLIFICATION 
1 • ^^1ERI^LS_AND_METH0DS 
Materials 

T4 and Taq DNA polymerases were obtained from 
New England Biolabs (Beverly, MA); Klenow fragment 
of IL__co 1 i DN A polymerase I from Bethesda Research 
Laboratories (Gaither sburg , MD) ; and modified T7 DNA 
polymerase (or Sequenase ) from US Biochemicals 
(Cleveland, OH). T7 DNA polymerase (unmodified) and 
2 '- deoxynucleoside - 5 triphosphates as 100 mH 
solutions were obtained from Pharmacia (Piscataway, 
NJ). The oligonucleotides (Synthetic Genetics, CA) 
used as primers for PGR were the following: 
for HPRT exon 3: 

primer PI: 5' - CATATATTAAATATACTCAC - 3 ' 
primer P2 : 5 ' - TCCTGATTTTATTTCTGTAG - 3 ' 
primer P3 : 5 ' - GACTGAACGTCTTGCTCGAG - 3 ' 
for human mitochondrial fragment (299-bp): 
primer P4 : 5 ' - GATACTGGCATTTTGTAGAT - 3 ' 
primer P5 : 5' - GAATTTTATGGAGAAAGGGA- 3 ' 
for human 45s rRNA fragment (135-bp): 

primer P6 : 5 ' - TAGCCGGGTCACCGGTAGGC - 3 ' 
primer P7: 5' - GGGGAGGTATATCTTTCGCT - 3 ' 
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To obtain end-labeled fragments, the amplifi- 
cation was carried out using 5 end- labeled primers, 
(specific activity : 150Ci/mmole) using [7-P ]ATP 
(7000Ci/mmole, New England Nuclear), T4 polynucleo- 
tide kinase, and the reagents in the 5' end DNA 
terminus labeling system (Bethesda Research Labora- 
tories) . 

Genomic DNA was isolated from exponentially 
growing male TK6 human lymphob las t s ; (Skopek, T.R. 

e t_ a 1 ^ , Bioch em. Biophys^ Re s^_C ommun^ 8^4:411-416 

(1978)), according to the method described by 
Porteous, ( Somat. Cell Mol^ genet^ 11:445-454 
(1985)). In this study, the 184-bp exon 3 sequence 
of the X-linked HPRT gene was used as template 
because it contains naturally occurring high and low 
temperature melting domains of 84-bp and 100-bp, 
respectively (Fig. 1). 

Metho ds 

The PCR conditions used for T4 DNA polymerase 
(Keohavong, P. et a l . , DNA 7:63-70 (1988)), and for 
both the modified and unmodified T7 DNA polymerases 
(Keohavong, P. et, al. , Gene 71:211-216 (1988)) were 
similar to those described for Klenow fragment 
(Saiki et a l . , Science 230:1350-1354 (1985); (Mullis 
et al . , Meth. in En zymol. 15 5 : 335 - 350 (1987)). A 
100 pi reaction mixture contained: DNA templates (5 
£tg of genomic DNA or PCR products after gel purifi- 
cation) , 10 mM Tris (pH 8.0), 5 mM MgCl 2 , 2.7 mM of 
each dNTP (2.15 mM for T4 DNA polymerase), 3^M of 
each primer and, for T4 DNA polymerase, 5% DMSO 
(vol/vol). Each amplification cycle consisted of: 
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template hybridization 1 min at 37° C, (3) addition 
of 0.5 unit of T4 DNA polymerase or 2 units of 
modified and unmodified T7 DNA polymerases and 2 min 
incubation at 37° C. 

The conditions for experiments with Klenow 
fragment were exactly as described in the original 
method. The conditions for Taq DNA polymerase (New 
England Biolabs) were as follows: a 100 /a! reaction 
mixture contained: 16.6 mM (NH 4 )2S0 4> 67 mM Tris-HCl 



(pH 8.8 at 25° C), 6.7 mM MgCl 2 , 10 mM /?ME , 200 ^M 
of each of the four dNTPs and 1 /LiM of each primer. 
Each amplification cycle consisted of heating the 
reaction mixture at 93° C for 1 min (except 3 min 
for the first cycle), primer - template hybridization 
15 at 53° C for 2 min, and DNA chain synthesis at 70° C 
for 2 min. One /il (2.5 units) of Taq DNA polymerase 
was added every 10 cycles following the 2 min 
incubation at 53° C. 

To maximize the separation of polymerase- 
20 induced mutant sequences from the correctly ampli- 
fied sequences, the PCR products were analyzed as 
heteroduplex mutant: wild type sequences. 5 x 10^ 
to 5 x 10 5 cpm of the amplified DNA were diluted in 
30 m1 of 400 mM NaCl , 10 mM Tris pH 7.5, 2mM EDTA , 
25 boiled 5 min, and allowed to anneal at 65° C for 5 
h. The DNA was recovered by ethanol precipitation 
and electrophoresed on a 12.5% polyacry lamide gel 
(bis/acryl-1/37 . 5 ) containing a linearly increasing 
gradient of denaturant from 15% (vol/vol) to 30% 
(vol/vol) (100% denaturant=7M urea and 40% forma- 
mide ) (Myers, R.M. et^aL , Method s _ E n z y m o 1 ^ 
155:501-527 (1987)). The gel was run for 15h at 
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NaOAc, 1 mM EDTA pH 8.3). The gel was then fixed in 
40% methanol and 5% glycerol, dried, and autoradio- 
graphed. 

The gel was dried without fixation with metha- 
nol. Radioactive hands were first located by 
autoradiography and excised through the auto radio - 
gram superimposed on the gel. The DNA was electro- 
eluted from the gel slices and recovered by ethanol 
precipitation. 

2 . RESULTS 

The DNA amplification was carried out from 
genomic DNA using primers PI and P2 which immediate- 
ly flanked the human HPRT exon 3 sequence (Fig. IB) 
and the following five DNA polymerases: T4 , modified 
and unmodified T7 , Klenow fragment of Pol I, and 
Taq. The efficiency of amplification of the ex- 
pected-size 224-bp fragment varied according to the 
type of the DNA polymerase. Efficiency was es- 
timated according to the equation: 

( l+Y)yN-f old amplification , 
where Y is the efficiency per cycle and N is the 
number of cycles performed (Saiki, R.K. et_al_. , 
Science 230:1350-13 54 (1985)). Efficiencies during 
the first 20 cycles were estimated to be 90-93% with 
either modified or unmodified T7 DNA polymerases, 
88% with Klenow fragment and Taq DNA polymerase. T4 
DNA polymerase gave an efficiency of 60%, through 30 
cycles. In addition to the expected- size 224-bp 
fragment, unwanted sequences appeared, especially 
when using Klenow fragment. The efficiency and 
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polymerase was exceptional. 30 cycles yielded more 
than 4 x 10 7 fold amplification. The high 
efficiency obtained with modified T7 DNA polymerase 
probably resulted from its highly processive 
activity (Tabor, S. et_aL , J. Biol. Chem. 
262:16212-16223 (1987)); (Tabor, S. et.aL, Proc^ 
Natl^_Acad^_Sci^_USA 84:4767-4771 (1987)). This 
enzyme has also been used to amplify several other 
sequences directly from human cells including a 
299-bp fragment from the mitochondrial genome 
(Anderson, S. et_aL , Nature 290:457-465 (1981)) 
(Fig. 2B, part 1) and a 135-bp fragment from 45s 
ribosomal RNA genes (Schmickel, R . D . Pe dia t^Res^ 
7:5 (1973)). Furthermore, these fragments and the 
224-bp exon 3 fragment were able* to be 
simultaneously amplified in the same reaction 
mixture containing the three independent pairs of 
primers . 

The 184-bp exon 3 sequence is composed of 84-bp 
of high temperature melting domain and 100-bp of low 
temperature melting domain (Fig. 1). Base-pair 
substitutions and small frameshift mutations 
throughout the low temperature melting domain of 
this sequence have been shown to be separable from 
the wild type by DGGE when first converted into 
heteroduplex mutant rwild type sequences. To analyze 
the fidelity of DNA amplification by DGGE, the PCR 
products were first boiled and reannealed so that 
each strand of the mutant homoduplexes was hybri- 
dized to the complementary strand of the correctly 
amplified sequences (wild type) present in excess. 
In this manner, each mutant sequence was expected to 
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s eparate further from the* wild type than the mutant 

homoduplex (Myers, R.M. et al. , Cold_S£ring_Harbor 

S ymp . Quant . Biol. 51:275-283 (1986); Tabor, S. et 

al ± , Proc. Natl. A cad. Sci, USA 84 : 4767-4771 

(1987)). When the exon 3 sequence was separated by 
6 8 

DGGE after 10 and 10 fold amplification for each 
DNA polymerase, the wild type sequence focused at 
24% of denaturant concentrations f and , in addition , 
a series of bands were observed in lower denaturant 
concentrations. After 10 fold amplification ( Fig . 
3) , the number of such bands varied from three with 
T4 DNA polymerase to more than a dozen with Klenow 
fragment and Taq DNA polymerase. The individual 
bands each represented between 1 and 3% of the total 
radioactive DNA analyzed on the gel. Three distinct 
patterns of mutant bands appeared: (a) with T4 DNA 
polymerase , (b) with Taq DNA polymerase, (c) with 
modified or unmodified T7 DNA polymerases . The 
pattern produced by Klenow fragment, apart from 
three bands, was identical to that observed with the 
two T7 DNA polymerases. This suggests that both the 
modified and unmodified T7 DNA polymer as es and also 
Klenow;, fragment generated mutations of similar kinds 
and positions whi le copying the low temperature 
melting domain of exon 3 . 

The fraction of radioactivity separated as 
bands by DGGE was estimated by dens i tome try through 
compar.ison of the in tens ity of the putative mutant 
sequences relative to that of the wild type. The 
dens i tome trie s canning yielded an integral total 
absorbance for the wild type peak and putative 
mutant heteroduDlex region between the wild ty^e 
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such as depurination within homodup lexes were 
accounted by eluting radioactive DNA from a wild 
type peak. The DNA was boiled, annealed, and 
separated by DGGE. This background fraction, 
totaling about 4%, was subtracted from the putative 
heteroduplex fraction. Thus, the PCR-related mutant 
fraction (MF) was estimated as: 

MF • (absorbance in heteroduplex region - 
background absorbance) (1/2)/ (total absorbance) . 
10 The MF at 10 6 and 10 8 fold amplification were found 
to be 0.25% and 1.5% for T4 ; 3.7% and 4.5% for 
modified T7 ; 3.8% and 4.7% for unmodified T7 ; 11% 
and 16% for Klenow fragment; and 31% and 33% for Taq 
DNA polymerases. 
15 The error rate (f) for each DNA polymerase was 

then estimated according to the equation: 

MF«bxfxd 

where b is the number of nucleotides synthesized on 
both strands of the template for which mutants would 
be detected (2 x 100 nucleotides for the low tem- 
perature melting domain of exon 3) and d is the 
number of duplications (10 6 and 10 8 fold amplifi- 
cation represented 20 and 26 duplications, respec- 
tively). The error rates (mutations/base/duplica- 
25 tion) , f, for 10 6 and 10 8 fold amplification were 
found to be 0.6 and 3 (xlO* 6 ) for T4 ; 9.0 and 8.5 
(xlO* 6 ) for modified T7 ; 9.5 and 9.0 (xlO" 6 ) for 
unmodified T7 ; 3 (xlO* 5 ) for Klenow fragment; and 
7.5 and 6.5 (xlO* 5 ) for Taq DNA polymerases. 
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Each individual band isolated from denaturing 
gradient gels was amplified an additional 10 2 to 10' 
fold and separated by another DGGE. In the case of 
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this process resulted in two major homoduplexes , 
mutant and wild type . After boiling and annealing , 
these same DNA gave rise to two additional bands , 
expected to correspond to the mutant : wild typ e 
heteroduplexes, The fact that both bands gave rise 
to precisely the same pattern of bands after boiling 
and annealing was consistent with the interpretation 
that they were heteroduplexes formed from the 
opposite strands of the same mutant homoduplex. 
Sequence analysis of these mutant homoduplexes 
showed a G-C to A-T substitution at position 351 
(see Table 1). Two less intense bands created by T4 
DNA polymerase and 14 of the most intense bands 
created by Taq DNA polymerase were isolated and 
sequenced in the s ame manne r . Some of the s e se- 
quences did not yield homoduplexes sufficiently 
separated from the wild type by DGGE for isolation 
and, in this case, sequencing was carried out using 
the heteroduplexes. The kinds and positions of the 
most frequent mutations found for T4 and Taq DNA 
polymerases are summarized in Table 1. All of the 
mutations determined were found to be base-pair 
substitutions. The three mutations induced by T4 
DNA polymerase were G-C to A-T transitions. Seven 
mutations appearing with Taq DNA polymerase were 
found to be A-T to G-C transitions. No additions or 
deletions were detected among the mutations deter- 
mined. These data showed that T4 and Taq DNA 
polymerases catalyzed the PCR differently with 
regard to the kinds of mutations induced in the low 
temperature melting domain of exon 3. T4 DNA 
polymerase induced a single "hot spot" G-C to A-T 
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seven different A-T to G-C transitions among the 32 
A-T base-pairs in the low temperature melting domain 
of exon 3 . 
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Table 1. Mutations generated by T4 and Taq DNA polymerases 



DNA polymerases kinds of mutations bands number *positions 

T4 G-C to A-T 1 319 

2 320 

05 3 and 4 351 

Taq A-T to G-C 5 337 

6 399 

7 334 

8 333 

10 9 371 

10 358 

11 393 



* the positions of the mutations in the low tempera- 
ture melting domain of exon 3 were numbered starting 
15 fr om the 5' end of the human HPRT cDNA (Patel et 
a 1 ^ , Somat. Cell. Moi. Genet. 10:483-493 (1984)). 
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The background of the polymerase-induced 
mutations is a limiting factor for detecting pre- 
existing mutants present as a small number of copies 
in cell populations. In order to probe this limit , 

05 HPRT exon 3 was amplified using modified T7 DNA 
polymerase from samples of HPRT wild type cells 
(Skopek, T.R. et al . , Biochem. Biophys . Res. Commun. 
84^:411-416 ( 1978)); containing known fractions of 
exon 3 mutant cells, HPRT-Munich (Cariello, N.F. et 

10 al. , Am. J. Hum. Genet. 42 :726-734 (1988)). Analy- 
sis by DGGE showed that a mutant fraction of 10" 3 
can be detected. To further increase the sensi- 
tivity of the protocol, the heteroduplex region 
between the wild type band and the origin of the gel 

15 was excised, the DNA was isolated and amplified an 

2 

additional 10 fold. After separation by a second 

DGGE, one of the wild type : HPRT-Munich heterodu- 

plexes present at a mutant fraction of 10 was 

observed. By comparison with this heteroduplex 

20 band, the most prominent mutant sequences induced by 

modified T7 DNA polymerase corresponded to mutant 

— 4 

fractions of about 2 x 10 
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CLAIMS 

1 . A method of resolving mutant DNA from 

non-mutant DNA, comprising the steps of: 

a) providing fragmented doub le - s tr ande d DNA 
05 which is a mixture of mutant DNA - contain- 
ing fragments and nonmutant DNA- containing 
fragments ; 

b) denaturing and annealing the fragmented 
DNA under conditions appropriate for 

10 heterpduplex formation; 

c) separating heterodup lexes from homoduplex 
molecules by denaturing gradient gel 
electrophoresis, and isolating the hetero- 
dup lexes ; 

15 d) amplifying the isolated he teroduplexes by 

high fidelity amplification; and 
e)- repeating steps (b) , (c) and (d) as needed 
to produce for each heteroduplex a band 
with a characteristic location on the 
denaturing gradient gel. 



20 



2 . A method of Claim 1 wherein the fragmented DNA 
is provided by treating genomic DNA isolated 
from cells with at least one restriction 
endonuclease under conditions appropriate for 
25 endonuclease activity, 

3 . A method of Claim 2 wherein the mixture of 

mutant DNA- containing fragments and nonmutant 
DNA - containing fragments is separated on the 
basis of molecular weight and fragments of 
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4. A method for detecting resolution of at least 
one species of mutant DNA from non-mutant DNA 
present in a cell population, comprising the 
s t ep s of: 

05 a ) isolating DNA from the population of 

cells ; 

b) digesting the isolated DNA with one or 
more appropriately- selected restriction 
endonucleases , to produce a mixture of DNA 

10 fragments ; 

c) separating the mixture of DNA fragments on 
the basis of molecular weight, and iso- 
lating fragments of appropriate 
predetermined molecular weight; 

15 d) denaturing and annealing the isolated 

fragments in the presence of an excess of 
nonmutant- containing homoduplex DNA , under 
conditions appropriate for heteroduplex 
formation ; 

20 e) separating mutant - containing hetero- 

duplexes from nonmutant - cont a ining 
homoduplexes by denaturing gradient gel 
electrophoresis and isolating the 
heteroduplex f rac tion ; 

f) amplifying the mut ant - c on t a ining hetero- 
duplexes by high fidelity amplification; 

g) adding an excess of nonmutant - conta ining 
homoduplexes, denaturing and annealing the 
product of (f) in the presence of an 
excess of nonmu tan t - con t aining homoduplex 
DNA, under conditions appropriate for 
heteroduplex formation; and 
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h) de tectably separating mutant - containing 
heteroduplexes from homoduplexes by de- 
naturing gradient gel electrophoresis. 

5. A method of Claim 4 wherein the mutant DNA 

sequence is present at a mutational frequency 
of from 1 to about 1 x 10" 8 . 



6 



10 



15 



20 



A method of Claim 5 wherein the cell population 
is a human cell population. 

A method for determining a mutational spectrum 
in a DNA sequence of interest present in a 



population of cells comprising the steps of: 

a) providing fragmented doub le - s tr anded DNA 
which is a mixture of mutant DNA 
containing fragments and nonmutant DNA 
containing fragments ; 

b) denaturing and annealing the fragmented 
DNA under conditions appropriate for 
he terodup lex formation ; 

c) separating heteroduplexes from homoduplex 
molecules by denaturing gradient gel 
electrophoresis, and isolating the hetero- 
duplexes ; 

d) amplifying the isolated heteroduplexes by 
high fidelity amplification; 

25 e) repeating steps (b), (c) and (d) as needed 

to produce for each heteroduplex a band 
with a characteristic location on the 
denaturing gradient gel; 
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f) amplifying separately DNA in each band 
produced in step (e), by high fidelity 
amplification ; 

g) determining the nucleotide sequence of DNA 
from each band after amplification in step 
(f ) ; and 

h) comparing the nucleotide sequence of each 
band with the nucleotide sequence of 
corresponding nonmutant DNA to determine 

10 the difference in each. 

8. A method of Claim 7 wherein the mutant DNA 
sequence is present at a mutational frequency 
of from 1 to about 1 X 10" 8 . 

9. A method of Claim 8 wherein the cell population 
15 is a human cell population. 

10. A method for determining a mutational spectrum 
in a population of cells from an individual 
exposed to a suspected mutagen comprising the 
step s of: 

20 a) isolating DNA from the population of 

cells; 

b) digesting the isolated DNA with one or 
more appropriately- selected restriction 
endonucleas es t to produce a mixture of DNA 

25 fragments; 

c) separating the mixture of DNA fragments on 
the basis of molecular weight, and iso- 
lating fragments of appropriate 
predetermined molecular weight; 
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d) denaturing and annealing the isolated 
fragments in the presence of an excess of 
nonmutant- containing homoduplex DNA, under 
conditions appropriate for heteroduplex 

°5 formation; 

e) separating mutant - containing hetero- 
duplexes from nonmutant- containing 
homoduplexes by denaturing gradient gel 
electrophoresis and isolating the 
heteroduplex fraction; 

f) amplifying the mutant- containing hetero- 
duplexes by high fidelity amplification; 
denaturing and annealing the product of 
(f) in the presence of an excess of 
nonmutant- containing homoduplex DNA, under 
conditions appropriate for heteroduplex 
formation ; 

detectably separating mutant - containing 
heteroduplexes from nonmutant- containing 
homoduplexes by denaturing gradient gel 
electrophoresis to produce for each 
heteroduplex a band with a characteristic 
location on the denaturing gradient gel; 
i) determining the nucleotide sequence of DNA 
from each band formed in step (h) ; and 
comparing the nucleotide sequence of each 
band with the nucleotide sequence of 
corresponding nonmutant DNA to determine 
the mutations in each. 
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g) 
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20 
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j) 



30 11. 



A method for 
results in a 



identifying a mutation 
selective disadvantage 



whi ch 
for 
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a) determining a first mutational spectrum of 
a cell population shortly after exposure 
to a mutagen; 

b) expanding the cell population by multiple 
generation growths ; 

c) determining a second mutational spectrum 
of the cell population after multiple 
generation growths; and 

d) comparing the first mutational spectrum 
with the second mutational spectrum to 
identify individual mutations whose 
frequency is lower in the second 
mutational spectrum than in the first 
mutational spectrum. 

A method of Claim 11 wherein the mutation is 
lethal. 

A method of Claim 11 wherein the mutations are 
conditional mutations and the first mutational 
spectrum is compared with the second mutational 
spectrum to determine individual mutations 
whose frequency is lower following multiple 
generation growths under selected restrictive 
condi t ions . 

The method of Claim 13 wherein the restrictive 
condition is selected from the group consisting 
of increased temperature, decreased tempera- 
ture, increased pH , decreased pH , increased 
osmolarity, decreased osmolarity, and the 
presence of deuterium. 
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A method of identifying a mutation which 
results in a selective advantage for cells in 
which the mutation is present, comprising the 
steps of: 

a) determining a first mutational spectrum of 
a cell population shortly after exposure 
to a mutagen; 

b) expanding the cell population by multiple 
generation growths ; 

c) determining a second mutational spectrum 
of the cell population after multiple 
generation growths; and 

d) comparing the first mutational spectrum 
with the second mutational spectrum to 
identify individual mutations whose 
frequency has increased following multiple 
generation growths . 

A method of Claim 15 wherein the mutations are 
conditional mutations and the first mutational 
spectrum is compared with the second mutational 
spectrum to determine individual mutations 
whose frequency has increased following 
multiple generation growths under restrictive 
conditions . 

The method of Claim 16 wherein the restrictive 
condition is selected from the group com- 
prising: increased temperature, decreased 
temperature, increased pH, decreased pH, 
increased osmolarity, decreased osmolality, and 
the presence of deuterium. 
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